Several P element insertion and deletion mutations near the 5' end of Drosophila melanogaster RplI215 have been examined by nucleotide sequencing. Two different sites of P element insertion, approximately 90 nucleotides apart, have been detected in this region of the gene. Therefore, including an additional site of P element insertion within the coding region, there are at least three distinct sites of P element insertion at RplI215. Both 5' sites are within a noncoding portion of transcribed sequences. The sequences of four revertants of one P element insertion mutation (D50) indicate that the P element is either precisely deleted or internally deleted to restore RpII215 activity. Partial internal deletions of the P element result in different RpII215 activity levels, which appear to depend on the specific sequences that remain after excision.
Several P element insertion and deletion mutations near the 5' end of Drosophila melanogaster RplI215 have been examined by nucleotide sequencing. Two different sites of P element insertion, approximately 90 nucleotides apart, have been detected in this region of the gene. Therefore, including an additional site of P element insertion within the coding region, there are at least three distinct sites of P element insertion at RplI215. Both 5' sites are within a noncoding portion of transcribed sequences. The sequences of four revertants of one P element insertion mutation (D50) indicate that the P element is either precisely deleted or internally deleted to restore RpII215 activity. Partial internal deletions of the P element result in different RpII215 activity levels, which appear to depend on the specific sequences that remain after excision.
In Drosophila melanogaster, the transposable P elements are responsible for some if not all of the traits associated with the P-M hybrid dysgenesis syndrome, including increased frequencies of mutation, male recombination, chromosome rearrangement, and female sterility (27; reviewed in references 3 and 7). Hybrid dysgenesis is observed in the progeny of interstrain crosses between male flies from the wild (P strains) and females from laboratory stocks (M strains) but not in the reciprocal cross. P strains harbor multiple copies of P elements dispersed throughout their genomes, whereas M strains lack functional P elements (27) . Dysgenic crosses result in germ line alterations due to transposition and excision of P elements and P-mediated chromosome rearrangement.
The molecular structures of several P elements have been characterized by O'Hare and Rubin (23) . The elements in this family are heterogeneous in size, the largest, known as P factor, being 2.9 kilobases (kb) long. The smaller P elements appear to arise by internal deletions of the complete P factor. A 31-base-pair (bp) inverted repeat, apparently required for transposition (15) , is found at the ends of the P element, and 8 bp of chromosomal DNA are duplicated at the insertion site. A transposase, encoded by the 2.9-kb P factor, is necessary for movement of these elements (19, 25, 26, 32) . The smaller P elements are defective for transposase activity and depend on transposase provided in trans for mobilization.
Reversions of mutations caused by P element insertion occur at high frequencies (10-2 to 10-3) (6, 8, 9, 27, 34) and are associated with excision of P elements (5, 27, 29) . For example, reversions of a P element insertion mutation at the white locus were shown to be precise excisions of the P element and one copy of the 8-bp duplication (23) . Presumably, only precise excision events could be detected as reversions since the insertion is located in coding sequences of white. On the other hand, genomic Southern analysis of several revertants of a P element insertion at the 5' end of the RpII215 locus (29, 34) and genetic assays of RpII215 gene activity (34) indicated that both precise and imprecise exci-* Corresponding author. sions occur at this locus. Reversions, complete and incomplete, are only observed under dysgenic conditions and thus seem to require the same functions utilized in transposition of P elements.
RpII215 is the structural gene for the largest subunit of D. melanogaster RNA polymerase II, the multisubunit enzyme which transcribes structural genes. The isolation of an oa-amanitin-resistant mutant C4 (11) led to an extensive genetic and biochemical characterization of this gene (4, 12, 35) , although the subunit encoded at the locus was not identified in these studies. This RpII gene was cloned by transposon tagging (29) by using the mutant D50, which carries a lethal RpIl allele caused by insertion of a P element into the locus. After localization of sequences which constitute the 7-kb RpIl transcript (14) , the gene was shown to encode the 215-kilodalton subunit of RNA polymerase II (10) .
We previously reported preliminary analyses of D50, mutants carrying several other RpII215 P element insertion mutations, and a number of D50 revertants (29, 34) . These studies defined two regions of P element insertion within the gene. On the basis of transcription mapping studies (14) , we positioned one region of P element insertion within coding sequences and the other near the 5' end of the gene (Fig. 1) . The D50 mutation, located in the 5' gene region, apparently reverts by both precise and imprecise excision of the P element. Although the excision events were not characterized in detail at the molecular level, genomic Southern analysis indicated that from 0 to approximately 400 nucleotides of extra DNA remained at the locus after P element excision and that these sequences differentially affect RpIJ215 gene activity (29, 34 
MATERIALS AND METHODS
Cloning and sequencing procedures. D. melanogaster mutants used for construction of genomic libraries have been described previously (34) . The isolation of XDmRpII-1, a clone containing the D50 P element insertion, has been described (29) . Genomic libraries from the RpII215 alleles W42, 22-1, and 164 were constructed by cloning MboI partial digestion fragments into the BamHI site of XEMBL4, whereas 38-1 and 10-2 libraries were generated by cloning completely digested BglII fragments into the BamHI site of XEMBL4. The recombinant X phage clones (Fig. 2) were detected and purified by probing with pl.7 (29), a RpII215 subclone extending approximately from coordinates 0 to +0.9 (see Fig. 1 and 2 ). The procedures used for construction of the libraries and purification of clones were essentially those described by Searles and Voelker (30) .
In several instances restriction fragments were subcloned (pl.10, p22-1, and p16-4; see Fig. 2 ) into pUC8 as described by Searles and Voelker (30) . M13 subclones were isolated for use in sequencing experiments. Since the D50 P element lacked useful restriction sites for sequencing in some regions, random DSO fragments, generated by sonication of plasmid pl.10, an EcoRI-PstI subclone containing the DSO insertion (Fig. 2) , were cloned into the SmaI site of M13mpll (22) . Clones that contained Drosophila rather than plasmid DNA were identified by probing nitrocellulose replicas (1) with the purified EcoRI-PstI fragment labeled with P P P P P P P P P P Initially, some of the D50 DNA sequence information was obtained by sequencing end-labeled restriction fragments by the method of Maxam and Gilbert (21) . However, the dideoxy sequencing method (28) was used to obtain complete information. Random D50 M13 clones described above were sequenced, and the data were assembled with the computer programs of Staden (33) . The sequence of the P element in revertant 22-1 was obtained by sequencing from the SstI site at coordinate 0 and by sequencing in both directions from the HindIlI site within the P element (see Fig. 2 ). The W42 insertion was localized by sequencing from both the SstI site at coordinate 0 and the PstI site at coordinate +0.2. Revertants 10-2, 38-1, and 164 were sequenced from the SstI site (coordinate 0).
Southern hybridizations. The procedures used to localize the W83, W182, W183, and WllO P element insertions were essentially those described previously (29) . Southern transfers (31) of genomic DNA, digested simultaneously with SstI and SphI, were probed with pl.7.
RESULTS
Sites of P element insertion at RpII215. The 7-kb mRNA of the RpII215 gene, transcribed from right to left as shown in Fig. 1 , is composed of four exons separated by three introns (2) . The 5' and 3' ends of the transcript and the positions of introns have been mapped by using S1 nuclease (2) . A 0.6-kb intron separates the first two exons, and the other two introns are quite small, 0.05 and 0.1 kb; thus, the entire 7-kb transcript is encoded within an approximately 8-kb region (Fig. 1) . The 0.5-kb exon at the 5' end of the gene consists primarily of noncoding sequences, except for 80 nucleotides at the 3' end of this exon (2) (see below).
The restriction map of cloned D50 DNA indicated that the 1.3-kb P element inserted approximately 100 bp to the right of the SstI site at coordinate 0 ( Fig. 1 ). In addition, previously reported genomic Southern analysis illustrated that the mutations W21 and W42 are P element insertions in the same region as D50, i.e., the insertions are within the 0.9-kb SstI-SphI fragment (coordinates 0 to +0.9), and that the W38 and W81 insertions are approximately 6 kb to the left, within the 1-kb EcoRI-SalI fragment (coordinates -6.75 to -5.7, Fig. 1 ) (29) . Subsequently, analysis of DNA from four other insertions (W83, WllO, W182, and W183) on genomic Southern blots illustrated that these insertions are also located within the 0.9-kb SstI-SphI fragment (coordinates 0 to +0.9).
Thus, seven independently isolated P element insertions are located in the 5' region of the gene, and two insertions are closer to the 3' end.
Because some of the mutations near the 5' end of the gene differentially affect gene expression, more detailed sequencing experiments have focused on mutations in this region. The site of the D50 P element insertion was determined by sequencing mutant DNA in the region of the insertion (see Materials and Methods) and comparing the sequence with that of wild-type DNA in the same region cloned from mei-9a mei441D5, the D50 parental chromosome. Approximately 2.6 kb of wild-type RpII215 DNA from coordinates +0.4 to -2.2 have been sequenced (2) . The nucleotide sequence of 700 bp of wild-type DNA in the 5' gene region is illustrated in Fig.  3 . The sequence shown is the noncoding strand oriented in the opposite direction relative to the restriction map in Fig.  1 , so that transcription occurs from left to right. Biggs et al. (2) demonstrated by S1 nuclease mapping that transcription probably initiates at nucleotide 136 (Fig. 3) . The first exon is spliced 516 bp downstream of the initiation site at nucleotide 652 (Fig. 3 ) and joined to sequences at nucleotide position 1251 (not illustrated). An open reading frame starting at nucleotide 572 (Fig. 3) , when spliced to downstream sequences, continues throughout the sequenced region to the Sall site at coordinate -2.2 (see Fig. 1 ) (2). The D50 P element inserted at the target site GCCCAGCG (nucleotides 327-334, Fig. 3 ), 198 nucleotides downstream of the 5' end of the transcript. The 8-bp target sequence is duplicated and thus appears at both ends of the insertion (Fig. 3) .
DNA from a second P element insertion mutant, W42, was also analyzed by nucleotide sequencing. As mentioned above, the W42 P element insertion is located in the same 0.9-kb Sstl-SphI fragment that contains D50 and five other insertions. Furthermore, the insertion is approximately the same size (1.2 kb) as D50 (see reference 29). The P element insertions examined by sequencing at the white locus exhibit a high degree of site specificity (23) , and therefore the possibility existed that all of the P elements at the 5' end of RpII215 inserted at exactly the same position. Thus, genomic clones spanning the region of the W42 insertion were isolated (Fig. 2) , and the insertion site was localized by sequencing (see Materials and Methods). The sequencing experiments revealed that the W42 P element insertion site is different from the D50 site. The W42 P element inserted at the target sequence GTCCGCAT, which begins at nucleotide 238, a site 109 nucleotides downstream of the start of transcription (Fig. 3 ). The W42 P element was not sequenced completely; however, results obtained by sequencing into the P element from both the SstI site at coordinate 0 and the PstI site at coordinate +0.2 and restriction analysis demonstrated that the W42 insertion had the same orientation as the D50 P element insertion (see Fig. 2 ).
We had anticipated that W42 and W105 (independent mutations [35] ) somehow differed from D50 and the other P element insertions because of the unusual behavior of these two alleles in genetic complementation experiments. All of the RpII215 P element insertions are lethal mutations and therefore fail to complement the null allele RpII215L5. Unlike the other P element insertions, W42 and W105 also fail to complement lethal alleles of the tinylike (tyl) locus (35; unpublished observations). Unfortunately, WIOS was lost before the location of the P element insertion within RpII215 was determined. Two alternative explanations for these observations are that either the W42 and WS0 chromosomes have independent, second-site mutations that are allelic with tyl or the P element insertions causing the RpII215 mutations also cause the tyl lethal mutations. We consider the second possibility more likely for the following reasons. First, genetic studies suggest that tyl is tightly linked to RpII215, although it has not been ordered with respect to RpII215 (35) . Second, the random probability that two of nine independent mutations at RpI!215 would also carry independent mutations at tyl is very low (35 the W42 insertion or some other property of that insertion might result in an effect on both genes. A 0.7-kb mRNA, transcribed from sequences just to the right of the 5' end of RpII215 (approximate coordinates +0.5 to +1.3, Fig. 1 ) (2), could be the tyl transcript. However, this 0.7-kb transcript has not been sufficiently characterized at the molecular level to indicate whether the W42 insertion could affect its expression. In summary, there are at least three distinct sites of P element insertion within the RpII215 gene, two sites near the 5' end of transcribed sequences and a third site in the coding region. Based on the insertion site specificity of P elements (23) , some of the other insertions in the 5' region may also occupy the same site as D50 or W42. The 8-bp target sequences of D50 and W42 match the consensus P element insertion site (23) at five out of eight and four out of eight positions, respectively (Fig. 3 ).
Molecular structure of D50 and several D50 revertants. As stated in the Introduction, reversion of the D50 mutation occurs by both precise and imprecise excision of P element. The imprecise excisions only partially restore RpII215 gene activity, measured in genetic complementation experiments (34; see Discussion). To determine the types of excision events that occurred and how the excision products were generated from the D50 P element, genomic libraries were made from one completely complementing revertant and three partially complementing revertants (22-1, 164, and 38-1), and clones spanning the P element insertion region were isolated (Fig. 2) . The entire D50 P element insertion and the mutant regions from these four revertants were sequenced (see Materials and Methods).
The sequence of the D50 P element is shown in Fig. 4 . As expected, this element, 1,221 bp long, appears to be derived from the 2,907-bp P factor by internal deletion. Alignment of the sequences of the D50 P element and the complete P factor (23) revealed that sequences on the left matched from the first nucleotide extending to position 819, as did 381 nucleotides on the right, from the position corresponding to 2527 of P factor to the right end (Fig. 4 and 5) . The only exception to the alignment in these two regions is nucleotide position 32, where a T residue is found in the D50 P element instead of the A residue in P factor. It is interesting that although the D50 P element is derived from MRh12 (a P strain which originated in Israel [8] ) and the P elements sequenced by O'Hare and Rubin (23) were derived from 7r2 (a P strain which originated in Madison, Wis. [6] ), the sequence homology between the elements with such different geographical origins is nearly perfect, the only exception being the single base substitution mentioned above. Between the apparent deletion points at the positions in the D50 P element corresponding to nucleotides 819 and 2527 of P factor are 21 nucleotides which do not align with any region of P factor. Similar observations were made in the sequences of some of the P elements sequenced by O'Hare and Rubin (23) .
The sequence of the complete revertant 10-2 was identical to the wild-type sequence (not shown), indicating that the Complete nucleotide sequence of the D50 P element and three imprecise revertants. The numbers with arrowheads teneath the D50 P element sequence indicate the corresponding positions in the sequence of the complete 2.9-kb P factor (23) . Numbers with arrowheads beneath the sequences of revertants 22-1, 164, and 38-1 indicate the corresponding positions in the D50 P element, from which the revertants were derived. The breakpoints in revertant 22-1 could alternatively be at positions 129 and 936.
entire P element and one copy of the 8-bp duplication were The deletion breakpoints at positions corresponding to 130 deleted precisely (see Fig. 5 ). The three partial revertants and 937 (or 129 and 936) of the D50 P element join 130 22-1, 164, and 38-1 were generated by deletion of sequences nucleotides from the left end of the DS0 P element to 264 internal to the D50 P element (Fig. 4 and 5) . Revertant nucleotides from the right end (Fig. 4) . In DNA from retained 394 bp of P element DNA and the 8-bp duplication. revertant 164, all but 35 bp of P element DNA and the 8-bp duplication were deleted. The residual 35 bp are derived from the 31-bp inverted repeats at the ends of the P element, 18 bp from the left and 16 bp from the right (Fig. 4) . The C residue between the deletion points corresponding to 18 and 1206 of the D50 P element does not match the nucleotide adjacent to either the left or right breakpoints (Fig. 4) . Like revertant 164, revertant 38-i also retained 35 bp of P element DNA and the 8-bp duplication (Fig. 4) : furthermore, the P element sequences are portions of the terminal inverted repeats. However, both deletion breakpoints of 38-I at positions corresponding to the nucleotides 16 and 1204 of the D50 P element are two nucleotides to the left of the 164 breakpoints. The G residue between the deletion breakpoints was apparently generated during the deletion process. Thus, 164 and 38-1 apparently arose from quite similar deletion events. Figure 5 illustrates schematically how the P element sequences of D50 and these four revertants could be derived from the 2.9-kb P factor.
DISCUSSION
Effects of P element sequences on RpII215 activity. In light of the nucleotide sequencing information on D50 and several of its revertants, a review of the genetic complementation analyses of these mutants is appropriate. Voelker et al. (34) crossed RpII215reveoant/Y males to RpII215L5/+ females (L5 is an RpII215 null allele) and measured the ratio of revertant/L5 to revertant/+ females among the progeny. If a revertant allele functions at a wild-type level, one would expect to observe a ratio, or complementation index, of 1 because revertant/L5 and revertant/+ zygotes would form and survive at the same frequency. In fact, complementation indices ranging from 1.0 to 0.0 were observed, indicating that some revertant alleles produced levels of activity that allow normal survival, whereas others functioned quite poorly. Presumably, the higher levels of R,11215 activity in homozygous revertant females. with two copies of a revertant allele, and hemizygous revertant males, which are dosage compensated, explain the normal survival of these genotypes in contrast to revertant/L5 heterozygotes.
The complementation indices for D50, 10 Fig. 3] [2] ). The residual P element sequences in the revertants introduce additional short reading frames upstream of the presumed site of translation initiation. In the DNA of revertant 22-1, the new reading frame overlaps the proposed normal reading frame before it ends (Fig. 6 ), whereas the upstream reading frames in DNA of revertants 164 (Fig. 6 ) and 38-1 (not shown) ends upstream of the normal translation start site. Eucaryotic translation models (13, 17, 18) would predict that these new reading frames in revertant DNAs might interfere with translation initiation at the usual site. RpII215 activity in revertants 22-1, 164, and 38-1 might also be affected by regions of potential secondary structure, derived from the inverted repeats at the ends of P elements (Fig. 6 ). Secondary structure in the 5' leader region of the RpII215 transcript could interfere with the early phase of translation, e.g., the binding or migration of a ribosome preinitiation complex (see references 20 and 24) . Analysis of transcription products of mutant and revertant alleles would be useful in distinguishing between these possibilities.
Variable excision of the D50 P element. The spectrum of D50 revertants analyzed gives a limited view of the types of P element deletions that occur because only those deletion events which restored RpII215 activity to a level permitting survival wvere detected. Of the total number of D50 revertants isolated from mnei-9'-nei41+ males by Voelker et al. (34) , approximately 35% were imprecise excisions, based on the type of genetic complementation experiments described above. This observation suggests that excisions may frequently be precise. However, since the D50 insertion is located in a noncoding region of the RpII215 transcript, molecularly imprecise excision could appear to be precise in a functional assay. The sequence of revertant 10-2 demonstrates that precise excision of the DSO P element and one copy of the 8-bp duplication does occur. This demonstration does not unequivocally prove that other apparently complete revertants are similarly precise to the nucleotide. However, the four complete revertants previously analyzed on genomic Southern blots appeared to be the same as wild type under conditions suitable for detecting 40-bp differences (29, 34) .
Of the 14 incomplete revertants previously analyzed on Southern blots (34), 11 deletion events left behind approximately 70 bp or less of extra DNA. If, like the revertants sequenced, these revertants are internal deletions of the P element, all of these reversions could have been generated by deletions with breakpoints close to or within the 31-bp inverted repeats at the ends of the P element. Thus, the inverted repeats might be preferred sites for deletion. Two of the 14 incomplete revertants, 22-1, sequenced in this report, and 22-2 retained approximately 400 bp of DNA; however, these two mutants are probably not independent isolates. The final revertant analyzed, 18-1, retained approximately 150 bp of extra DNA and completely failed to complemnent L5. Unfortunately, the nature of mutant sequences in 18-1 remains unknown because repeated attempts to clone this allele from several apparently normal libraries were unsuccessful. A total of 350,000 clones were probed with sequences in the region of the insertion, and not a single authentic 18-1 clone was detected (typically, positive clones are identified by screening 20,000 to 30,000 recombinant phages).
Reversions that delete all but 35 bp of P element resemble the nearly precise excisions of the bacterial transposon TnJO, which result in deletion of all but 50 bp of the TnlO DNA and involve repeat sequences near the ends of the transposon (16) . Nearly precise TnJO excision occurs at a 100-fold-higher frequency than precise TnJO excision. Furthermore, all types of TnJO excisions occur in the absence of transposition functions. In contrast, the observed apparently precise and imprecise excisions of the DSO P element occur at similar frequencies and require the same conditions (dysgenesis) that induce transposition (see reference 34) . Defective P elements and the imprecise excision revertants examined in this report are apparent products of internal P element deletions. The size and structure of the residual P element sequences in revertant 22-1 (approximately 400 bp) resemble the smallest P element (approximately 500 bp) sequenced by O'Hare and Rubin (23) . We assume that more of the P element sequence is deleted in the RpII215D5O revertants than in randomly isolated defective P elements as a consequence of the selection for restoration of RpII215 activity to a level that allowed survival and recovery. Thus, these imprecise P element excisions at RpII215 might be generated by the same process that gives rise to defective P elements from the autonomous 2.9-kb P factor.
